4A3494).
Introduction
Members of the ras-related GTP-binding protein superfamily are of considerable interest because of their pivotal role in controlling diverse cellular processes. The ras superfamily of proteins are highly conserved and expressed in widely divergent organisms, from yeasts to humans. About 50 have thus far been described, and many appear to be essential for cell functions ranging from signal transduction and cytoskeleton organization to vesicle trafficking.
One of the four subfamilies of the ras superfamily contains a group of three closely related proteins identified as rhoA, rhoB, and rhoC. Expression of these proteins has been detected in all cells thus far tested (Olofsson et al., 1988) , and the three rho proteins show approximately 80% sequence homology. Although the precise function of these proteins is unclear, there is evidence for their involvement in the control of assembly of the actin cytoskele-Supported by funds from the Cancer Research Campaign and the Correspondence to: D. Robertson, Inst. of Cancer Research, Haddow Medical Research Council to the Institute of Cancer Research.
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The proteins were localized on the sections using 9ElO detected with colloidal gold conjugates. Ha-ras protein was localized almost exclusively on the cell membranes. Rho-A and rho-C were predominantly associated with the submembraneous actin network, and rho-B was found in association with multivesicular bodies. Racl protein induces the formation of large pinocytotic vesicles and was detected on the cytoplasmic face of these vacuoles. These experiments demonstrate the successful use of this approach for detection of de novo synthesized proteins from microinjected plasmids by both light and electron microscopy on a small (<50 cells) sample size. ( J Hisrochem Cyfochem 43:47148U, 1995) KEY WORDS: ras; rho; rac; Microinjection; myc tag; Confocal microscopy; Low-temperature embedding; Immunoelectron microscopy. ton. Microinjection of cells with recombinant rho proteins or plasmids expressing rho cDNA induced the rapid formation of actin stress fibers in a range of cell types (Paterson et al., 1990) .
To understand the function of specific proteins, their precise cellular location can provide important clues concerning their mode of action. Within the ras superfamily, the three mammalian ras proteins are known to associate with the plasma membrane, and this membrane localization is essential for their function. In contrast, localization of rho proteins has only recently been described (Adamson et al., 1992) . Routine immunolabeling methods were inappropriate for localizing the rho proteins, for several reasons. First, endogenous levels of rho protein expression have proven too low to detect reliably with conventional antibodies to the protein. Second, with a family of proteins sharing considerable homology, raising specific antibodies with low levels of crossreaction is difficult. Although antibodies can be raised to synthetic peptides that are unique to the different members of the protein family, there is no certainty that the epitope will be accessible in the intact protein. A method that circumvents these problems is nuclear microinjection of epitope-tagged plasmids, and this was exploited by Adamson et d. (1992) .
In epitope tagging, plasmids are constructed that code for the protein under investigation. Inserted into that plasmid is a short epitope for which a high-affinity antibody already exists. Normally, a number of tagged plasmid constructs are prepared with the tag inserted at different parts of the amino acid sequence. These were then tested to find the best construct, i.e., one in which the tag is expressed and accessible to the antibody but does not interfere with the function of the protein. For ras-related proteins, the N-terminus has proven suitable in all cases tested thus far, including ras, rho, and rac, as this postion does not interfere with vital C-terminal post-translational modifications. Epitope tagging has previously been utilized in a number of investigations. West et al. (1992) used a 9-afninO acid epitope from influenza virus HA protein inserted into plasmids coding for two strongly hydrophobic yeast proteins, and Western blots were probed for the presence of these proteins. Algrain et al. (1993) used an 11-amino acid epitope from the C-terminal end of VSV-G protein to investigate the role of ezrin at the cytoskeleton-cell membrane interface by immunofluorescence, and Roitelman et al. (1992) used peptide H from HMG-CoA to investigate the number of membrane spans of Light microscopic immunofluorescence labeling of cells microinjected with epitope-tagged plasmids has localized rho-A and rho-C predominantly to the cytosol, with smaller amounts associated with the plasma membrane. Rho-B has been localized to endosomes and pre-lysosomes. To further characterize the localization of rho proteins, we have developed a method for immunoelectron microscopy of small numbers of microinjected cells expressing epitopetagged proteins. This technique involves a brief aldehyde fixation followed by dehydration at low temperature and embedding at -50°C in a w-polymerized resin (Robertson et al., 1992) .
HMG-COA.

Materials and Methods
Oligonucleotide-directed mutagenesis systems were obtained from Amersham International (Little Chalfont, UK) and rhodamine-fluorescein-linked second antibodies from Pierce and Warrimer (Chester, UK). Hybridoma cells expressing the 9E10 anti-myctag mouse monoclonal antibody (MAb) were a gift from Dr. G. Evan (ICRF, London UK). Thermanox coverslips were from Emitech (Ashford, Kent, UK), five-nm goat anti-mouse gold conjugate and IntenSE silver enhancement kit were from Amersham. General EM chemicals were obtained from Agar Scientific (Stanstead, Essex, UK) and all other chemicals were obtained from Sigma (Poole, Dorset, UK).
DNA Constructs and Nudear Microinjection. The plasmid constructs are described in detail elsewhere (Adamson et al., 1992; Paterson et al.. 1990) . Briefly, a Val14 rho-A cDNA under the control of the SV40 early promoter (p EXV rho A) was cut at the natural AccIII site at codon 3 and ligated to a double-stranded oligonucleotide encoding the peptide sequence MEQKLISEEDL to create an epitope tag at the amino terminus. This sequence is the epitope for the anti-myc MAb 9E10 (Evan et al., 1985) . Analogous constructs for Val12 Ha-ras, Val14 rho-B, Val14 rho-C, and Val12 racl were similarly prepared. Purified DNAs (50 pg/ml) were microinjected into the nuclei of MDCK cells (Paterson et al., 1990 ) that had been grown for 1-3 days on marked areas of glass coverslips in DMEM containing 10% fetal calf serum at 37°C in a 10% CO2 atmosphere.
Immunofluorescence. After a suitable time had elapsed after microinjection (6-18 hr), the coverslips with the adherent cells were washed in PBS, pH 7.2, and fixed for 10 min at room temperature (RT) in 3% paraformaldehyde in PBS. After washing in PBS the cells were incubated for 10 min in 50 mM ammonium chloride in PBS and then permeabilized by a 10-min incubation in PBS containing 0.2% Triton X-100. Incubation in PBS containing 10% fetal bovine serum was then performed for 30 min as a blocking step. For anti-myctag staining, cells were incubated in MAb 9E10 ascites fluid diluted 1:400 in PBS for 1 hr at RT, washed six times in PBS, and incubated for 1 hr at RT in a 1200 dilution of an anti-mouse-fluorescein conjugate. Coverslips were washed six times, inverted, and mounted on glass microscope slides using Moviol mountant containing 0.1% p-phenylenediamine anti-quenching agent and were viewed on an MRC-600 confocal imaging system equipped with a krypton-argon laser.
Scanning Electron Microscopy. Cells on coverslips for scanning electron microscopy were fixed in 2% glutaraldehyde for 1 hr and post-fixed in os04 for 2 hr. Both fixatives were phosphate buffered. After dehydration in 70%. 90%, and absolute ethanol, the cells were critical point-dried in liquid C02, mounted on stubs, coated with gold-palladium, and examined in a Hitachi S800 scanning electron microscope.
Immunoelectron Microscopy. For ultrastructural localization of myctagged proteins, MDCK cells were seeded onto plastic (Thermanox) coverslips. After 2-3 days in culture, the coverslips were examined by phase-contrast microscopy and areas of optimal cell density (approximately 70% confluent) were carefully marked by four engraved lines using a scalpel blade to delineate a group of cells within a rectangle for microinjection. After a suitable incubation period after microinjection, the cells were fixed for 1 hr at RT in 2% paraformaldehyde plus 0.05% glutaraldehyde (2.05) in PBS, rinsed in PBS, and the coverslip carefully trimmed to a size that would fit inside a plastic BEEM embedding capsule. Samples were then dehydrated by the progressive lowering of temperature technique (PIX Carlemalm et al., 1982) and embedded in Lowicryl HMZO resin at -50°C as described in detail elsewhere (Robertson et al., 1992) .
The w-polymerized blocks were trimmed to release the piece of Thermanox which peeled away, leaving the cells embedded in the resin. A replica of the marked rectangles was clearly visible in the resin, enabling the group of microinjected cells to be identified. The block was then carefully trimmed to include only the marked rectangle, mounted in the microtome, and sectioned en face. Care was taken in aligning the block to the knife edge (in both lateral and horizontal planes) to maximize the number of sections that could be collected once sectioning had begun.
Sections were collected on uncoated nickel grids and, on average, sufficient could be cut to collect 8-10 grids before the monolayer had been completely traversed. Sections were immunolabeled on both sides by immersion incubations using the protocol described in detail in Robertson et al. (1992) . After 30-min incubation in blocking buffer [PBS + 0.8% BSA + 0.1% fish gelatin (Amersham) + 5% fetal calf serum (FCS): BB], sections were incubated in MAb 9E10 diluted 1:200 in BB overnight at RT. After three 5-min washes in washing buffer (BB minus FCS WB), bound antibody was detected by goat anti-mouse IgG conjugated to 5-nm colloidal gold diluted 1:50 in BB for 90 min, and again washed (three times for 5 min in WB). The 5-nm colloidal gold marker was silver-enhanced to 10-15 nm by incubation in Amersham Intense for 6 min. Silver enhancement was preceded and followed by three 5-min washes in high purity (>18 m a water). Control incubations were undertaken in the absence of a primary antibody and also using a mouse anti-actin antibody in place of the 9E10. Grids were then contrasted with uranyl acetate and lead citrate using the standard program in a Leica Ultrostainer and examined in a Philips CMlO at 80 kV.
Results
Cells microinjected with the constructs containing coding sequences for the members of the ras family expressed various levels of the protein as described previously. Consistent immunolabeling results were obtained with expression times after microinjection of approximately 15 hr (Adamson et al., 1992) . Levels of myc-tagged protein were usually too low to detect before 5 hr. and cell morphology often became grossly abnormal beyond 20 hr, particularly with rhoexpressing cells. With all the rho plasmids, high levels of expression in microinjected cells results in gross morphological changes. Cells in the microinjected region of the coverslip showed morphology ranging from that indistinguishable from the control cells to cells showing dramatic cell membrane blebbing. Figure 1 shows a scanning electron micrograph of the surface of the Thermanor tissue culture substrate, with two squares scratched into the surface. Cells seeded onto the Thermanox were microinjected with the plasmid (left-hand square) or PBS as control (right-hand square). The Thermanox with adherent cells was then processed for light microscopic or electron microscopic immunocytochemistry. The samples thus have uninjected cells, PBS-injected cells. and plasmidinjected cells in close juxtaposition. The cultures. once embedded in Lowicryl resin, provide both excellent morphology and immunocytochemical sensitivity.
Gross morphological changes in plasmid-microinjected cells were particularly evident in the case of rhoA, corresponding to the dramatic blebbing and contracting previously observed by phasecontrast microscopy (Patenon et al., 1990) . The membrane blebbing is shown in Figure 2 . which is a transmission electron micrograph showing cells that have been sectioned perpendicular to the Thermanox substrate. In cells microinjected with the rho-A plasmid, the cell membrane formed many infoldings, with cytoplasmic organelles contained within the resulting structures.
Immunocytochemistry
MDCK cells microinjected with the plasmid coding for myc-tagged
Val12 H-ras and expressing the protein showed immunolabeling by light microscopy to be almost exclusively associated with the cell membrane (Figure 3a ). Ultrastructural localization of H-rasexpressing cells confirmed the light microscopic localization, with colloidal gold labeling present over the cell membrane (Figure 3b ).
MDCK Ceffs Expressing myc-tagged Kif14 Rho-A
By immunofluorescence microscopy, the cells expressing the myc-rhoA protein gave general cytoplasmic labeling, with weak labeling at the plasma membrane (Figure 4a ). The ultrastructural localization of the myc-tag showed the label mainly present in the submembranous region of the cell, with an association with the filamentous network (Figure 4b ). Antibodies to actin were localized similarly to this submembranous filamentous network (not illustrated).
MDCK C e h Expressing myc-tagged Kif14 Rho-B
The confocal immunofluorescence image shows localization to small vesicular structures within the cytoplasm, with some plasma membrane labeling (Figure >a) . Ultrastructural localization of the myctagged rho-B protein detected protein predominantly associated 
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with multivesicular bodies in the cell cytoplasm and the cell membrane. Figure 5b shows regions of two adjacent cells, one expressing the protein localized to the cell membrane and the other showing no detectable myc-tagged protein. The colloidal gold markers were also present on the outer membrane of these multivesicular bodies and were associated with the small vesicles contained within them (Figure 5c ).
MDCK Cells Expressing myc-tagged El14 Rho-C
The confocal immunofluorescence microscopy of rho-C protein showed a similar pattern to that seen with rho-A-expressing cells. Fluorescence was present throughout the cell and was not apparently associated with any specific organelle. The ultrastructural pattern of labeling was a general cytoplasmic labeling, with increased labeling associated with the plasma membrane. Some indication of an association of the label with cytoplasmic filaments was seen, but this was not as clear as seen in rho-A-expressing cells (not shown).
Rat 2 Cells Expressing myc-tagged El12 Racl Protein
The light microscopic immunofluorescence showed localization to the membrane of large pinocytotic vesicles, which are induced by the expression of activated rac. Localization was also evident at the site of plasma membrane ruffling (Figure 6a ). Ultrastructural localization of the protein showed it to be localized to the cytoplasmic surface of the membranes of vesicular structures within the cytoplasm (Figure 6b ) and at the plasma membrane.
Discussion
The technique of tagging proteins for localization studies has in a number of applications shown considerable advantages over, for example, raising a series of antibodies to several closely related molecules. Specifically, it allows the use of just one antibody of known characteristics to localize a number of related proteins. In this study, the short sequence coding for the epitope recognized by the antic-myc MAb 9E10 was inserted into a series of expression plasmids at the amino terminal end of the protein. Thus, a reagent of known characteristics (9E10) could be used to localize proteins expressed in microinjected cells. To use this reagent for ultrastructural localization, a technique had to be devised to identdy the microinjected cells and process them for ultrastructural immunocytochemistry. The methods described yield good morphology and antigen sensitivity, and would be appropriate for localization of many antigens in cultured cells when the cells must remain on their culture substrate.
Clearly, this approach will yield meaningful results only if it can be demonstrated that the addition of the tag does not affect either the production or the processing of the tagged protein. The validity of the approach has been demonstrated where conventional antibodies against small GTPases are also available. Anti-ras MAbs (Furth et al., 1982) give plasma membrane immunolocalization of both endogenously (Willingham et al., 1980) and exogenously (Hancock et al., 1990 ) expressed ras proteins, as observed here with the epitope tagging technique, and antibodies against rab6 show the same Golgi-associated localization of endogenous rab6 protein as that obtained with a myc-tagged system (Beranger et al., 1994) .
It is also worth noting that tagged proteins produce the same striking biological effects on the cells as is seen with microinjection of untagged proteins Paterson et al., 1990) . Care must be taken to ensure that the very high levels of expression possible in this system do not produce a distorted picture of the normal protein distribution within the cell, as has been shown to occur with rab6 (Adamson et al., 1992) . It is therefore necessary to ensure that the pattem of protein localization remains constant over the entire range of levels of expression used in the study. During the experiments reported here, the pattern of localization did not change signrficantly with expression levels, even when cells exhibiting very low amounts of the tagged protein were examined. The relationship between the intracellular localization and the function of these small GTPases is as yet not fully understood, although in the case of ras recent evidence suggests that its location plays a vital role in bringing c-raf to the plasma membrane, where it becomes activated (Leevers et al., 1994) . The significance of the intracellular distributions of the rho proteins is unclear because, despite their differing patterns of localization, recombinant rho-A and rho-B proteins produce similar biological effects Paterson et al., 1990) . However, the association of rho-A with the submembranous filamentous network observed here at the ultrastructural level is intriguing, given the role of rho in actin polymerization and the formation of focal adhesions Paterson et al., 1990) . Rac has been implicated in the assembly of the components required for superoxide production used by phagocytes to destroy ingested bacteria (Ab0 et al., 1991; Knaus et al., 1991) . It is therefore tempting to speculate that its presence at the plasma membrane and on the surface of macropinocytotic vesicles, together with its role in the induction of membrane ruffling , may reflect a direct involvement in the process of phagocytosis itself.
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